DNA multiploidy may involve speci®c DNA ploidy states with respect to genetic alterations such as oncogenes, tumor suppressor gene mutation and microsatellite instability. To clarify the role of DNA multiploidy in colorectal cancer, we analysed allelic imbalance involving the ATM gene, localized to chromosome 11q22-23 and thought to be involved in genetic stability, in a series of multiploid colorectal carcinomas. In addition, p53 gene mutation (exons 5 ± 8) and allelic imbalance at 11q24 loci distal to the ATM locus were also examined. The crypt isolation technique coupled with DNA cytometric sorting and polymerase chain reaction assay using 10 microsatellite markers tightly linked to the ATM gene were used to study ATM allelic imbalance in 55 colorectal carcinomas (15 diploid, 13 aneuploid, 27 multiploid). While allelic imbalance at the ATM locus was rarely observed in diploid and aneuploid carcinomas, multiploid carcinomas exhibited a high frequency of ATM allelic imbalance. In multiploid carcinoma samples, diploid subpopulations showed a smaller range of allelic imbalance at the loci tested compared to aneuploid subpopulations that demonstrated allelic imbalance over a relatively large region. Also, the frequency of AI at 11q24 showed a similar tendency to that at the ATM locus for each DNA ploidy state. An association between p53 gene mutation and ATM allelic imbalance in multiploid carcinoma was also observed. Our results suggest that ATM allelic imbalance and p53 gene mutations occur during the progression from diploid to aneuploid cell populations in multiploid colorectal carcinomas. Oncogene (2001) 20, 6095 ± 6101.
Introduction
We have previously proposed that diploid, aneuploid and multiploid states re¯ect speci®c underlying genetic alterations that promote the progression of colorectal carcinomas, including the microsatellite instability (MSI) and loss of heterozygosity (LOH) phenotype genetic pathways (Sugai et al., 2000a,b) . Therefore, it is possible that identi®cation of the three DNA ploidy states may be useful in understanding the genetic mechanisms of colorectal carcinogenesis (Sugai et al., 2000a,b) . Classi®cation of colorectal carcinomas carried out using the crypt isolation technique can exclude contamination by non-tumor cells (Sugai et al., 2000c,d ). In our previous study, we found that each DNA ploidy state was associated with distinct patterns of genetic alteration (Sugai et al., 2000b) . DNA aneuploidy frequently revealed LOH at many tumor suppressor gene loci (Carder et al., 1995; Oerhous et al., 1992; Sugai et al., 2000a,b) , while diploid-type colorectal carcinomas exhibited both LOH and MSI (Sugai et al., 2000b) . In particular, DNA multiploidy, de®ned as the coexistence of diploid and aneuploid states, showed no MSI (Sugai et al., 2000b) and few kiras mutations (in submission), leading to the development of a new model of colorectal carcinogenesis.
Ataxia-telangiectasia (AT) is an autosomal recessive disorder characterized by high cancer risk, immune defects, radiation sensitivity, and genetic instability (Meyn, 1995 (Meyn, , 1999 . AT is known to be a predisposing factor in hematopoietic malignancies, such as lymphoma and leukemia, such that about 30% of patients with AT develop such malignancies (Canman and Lim, 1998) . However, LOH at the 11q23 locus, to which the mutated AT gene (ATM) is mapped, is frequently observed in many human malignancies, including breast, lung, ovarian, colorectal and cervical carcinomas (Bethwaite et al., 1995; Carter et al., 1994; Davis et al., 1996; Uhrhammer et al., 1999) . The ATM gene is thought to be associated with molecular pathways involved in the maintenance of genomic stability . This hypothesis proposes that ATM gene alteration may be a key element leading to chromosomal instability, which may then lead to DNA aneuploidy . DNA aneuploidy represents an unstable state of DNA content and may be a useful model to investigate DNA instability in human cancers, as LOH, as well as mutations of cancer-related genes commonly associated with chromosomal instability, are very often observed in aneuploidy (Sugai et al., 2000a,b) . Thus, the lack of suppressive function of the ATM gene may be associated with the evolution of DNA ploidy status. Indeed, previous studies have revealed LOH involving the ATM locus in human colorectal carcinomas (Connolly et al., 1999; Uhrhammer et al., 1999) . In addition, recent molecular studies have shown that the ATM gene is upstream of the p53 gene in a pathway that activates the G1-S checkpoint, such that increased gamma irradiation-induced p53 levels are delayed in AT cells . Accordingly, we also wished to investigate whether there is an association between alteration of the ATM gene and p53 mutation in colorectal carcinomas.
The aim of this study was to clarify the mechanism of DNA multiploidy in colorectal carcinomas and the role of the ATM gene in sporadic colorectal carcinomas. To this end, we examined the incidence of allelic imbalance at the ATM locus at chromosome 11q22-23 using the crypt isolation technique coupled with DNA cytometric sorting and polymerase chain reaction methods. In addition, the link between the ATM and p53 genes was also investigated.
Results
To investigate allelic imbalances at 11q22-23 in our series of 55 colorectal carcinomas, an initial set of 10 microsatellite loci distributed along the ATM gene region was analysed. In addition, the relationship between allelic imbalance at the ATM locus and p53 gene mutation was also examined.
Mutations of the p53 gene were found in 29 of 55 (52.7%) samples; two of 15 diploid, eight of 13 aneuploid, and 19 of 27 multiploid (diploid subpopulation only, one; both diploid and aneuploid populations, seven; aneuploid subpopulation only, 18).
Results for diploid carcinomas are shown in Figure 1 (left) . One tumor showed allelic imbalance over a large region of chromosome 11q22-23 between D11S1816 and D11S1347, which was associated with p53 gene mutation (case no. 3). Although one other tumor exhibited allelic imbalance at D11S2179, no further 11q allelic imbalances were demonstrated in the diploid carcinoma samples.
Results from aneuploid carcinomas are illustrated in Figure 1 (right). Allelic imbalances were observed in two of 13 informative aneuploid carcinomas at two or more 11q loci tested, both of which showed mutation of the p53 gene (nos. 4 and 10). No allelic imbalances were found in the other 11 aneuploid carcinomas.
Detailed analyses of allelic imbalance in multiploid carcinomas are shown in Figure 2 (diploid subpopulations) and Figure 3 (aneuploid subpopulations). Allelic imbalances were found between D11S1343 and D11S1818 loci in both diploid and aneuploid cell populations. Allelic imbalances at the four loci between D11S2000 and D11S1818 were particularly frequent in diploid populations, suggesting that 11q22-23 was not entirely deleted in diploid populations. In contrast, only one diploid cell population in multiploid carcinomas exhibited allelic imbalance at markers distal to D11S2179, with no allelic imbalance at the other markers (no. 26). Only one diploid tumor sample showed allelic imbalance at all informative loci tested, suggesting loss of the entire 11q22 region (no. 27). In contrast, in aneuploid cell populations of multiploid carcinomas, allelic imbalance frequently occurred across large regions of 11q22-23, so that four tumors exhibited allelic imbalance at all informative loci tested, suggesting loss of the entire 11q22-23 locus (nos. 1, 9, 12 and 23). One tumor (no. 2) exhibited allelic imbalance at all tested loci except for two proximal markers (D11S1817 and D11S1816), whereas two tumors showed allelic imbalance at all informative loci except for one distal or proximal marker (nos. 22 and 25). By comparing the two populations of multiploid carcinomas, we concluded that the minimal area of imbalance lay between D11S2000 and D11S1818, in a region approximately less than 0.1 Mb in length (Connolly et al., 1999; Lange et al., 1995) . Furthermore, allelic imbalance at the ATM locus of aneuploid populations correlated with p53 gene mutation, although a small number of disconcordant cases were observed ( Figure 3 ). Representative examples of electrophoregrams showing multiploidy are shown in Figure 4 .
Allelic imbalance of the three 11q24 microsatellite markers was only rarely observed in the diploid and aneuploid carcinomas tested, with only two cases of allelic imbalance found in the two groups (Figures 1  and 2 ). In contrast, frequent cases of allelic imbalance at 11q24 were observed in the multiploid carcinoma samples. However, some cases demonstrated AI at 11q24 over a relatively large region (nos. 12, 23 and 27), and some were not consistent with AI at the ATM locus, as shown by Figures 2 and 3.
A summary of genetic analysis of the ATM and 11q24 loci for each DNA ploidy status is shown in Table 1 . Allelic imbalance was observed in 19 of 27 (70.4%) multiploid carcinomas at one or more 11q loci, compared with two allelic imbalances in 15 cases (13.3%) and four allelic imbalances in 13 cases (30.8%) found in diploid and aneuploid carcinomas, respectively. Allelic imbalances at 11q loci in multiploid carcinomas were more frequent than in diploid or aneuploid carcinomas (P50.01 and P50.05, respectively). The most frequently altered loci were D11S2000 and D11S1818 that map to 11q22-23 (the D11S1343 locus was excluded due to a high frequency of homozygotic samples). There were no statistically signi®cant dierences in AI at the 11q24 locus (distal to 11q22-23) between multiploid and diploid (11/26 vs 2/15, P=0.06) and between multiploid and aneuploid (11/26 vs 2/13, P=0.09) carcinomas.
Allelic imbalances at each locus were assessed for association with tumor location, histology and Dukes stage. However, none of the associations analysed were statistically signi®cant. Signi®cant association with dierent histologies was not observed due to the small number of mucinous and poorly dierentiated adenocarcinomas.
Discussion
Although previous investigations demonstrated LOH at chromosomes 1p, 5q, 8p, 17p, 18q and 22q in colorectal carcinoma (Vogelstein et al., 1988) , there have been con¯icting reports regarding this 11q22-23 (Gustafson et al., 1994) . Two previous studies (Gustafson et al., 1994; Vogelstein et al., 1989) found a lower rate of LOH at these chromosomal loci, while another report showed a high frequency of LOH at 11q (Keldysh et al., 1993) . In addition, a single report indicated 11q22-23 as a speci®c region of LOH in distal colorectal carcinoma (Uhrhammer et al., 1999) , while Connolly et al. (1999) found that two distinct 11q LOH regions at loci distal to ATM were frequently observed in colorectal carcinoma, suggesting candidate loci for tumor suppressor genes at 11q23-qter. In the present study, we examined instances of allelic imbalance at 11q24 loci distal to the ATM locus in samples of colorectal carcinoma. The present results showed that some cases of allelic imbalance at ATM loci were linked to deletion of 11q24 loci. Our ®ndings suggest that larger deletions involving a region from the ATM locus to the telomere can occur in some colorectal carcinomas. The evidence also supports the hypothesis that a larger region involving the ATM gene is important as a tumor suppressor region in multiploid carcinomas. However, it is not clear whether ATM is the critical tumor suppressor gene at this locus as other candidate genes have been identi®ed within these regions, including PGL-1 (Baysal et al., 1997) , LOH11CR2A (Monaco et al., 1997) , CHK-1 (Sanchez et al., 1997) and ALL-1 (Baa et al., 1995) . We suggest that the ATM gene is a major tumor suppressor gene on 11q22-23 in colorectal carcinoma, given that the PCR primers used in this study (D11S2179) were designed to amplify intragenic regions.
Our results indicated that allelic imbalance of the ATM gene was frequently found in multiploidy, but rarely observed in diploidy and aneuploidy. This result is surprising, and this is the ®rst report to identify an allelic imbalance associated with a distinct region of chromosome 11q22-23 in multiploid colorectal carcinoma. While previous studies of allelic imbalance on chromosome 11q22-23 have been reported (Gustafson et al., 1994; Uhrhammer et al., 1999; Vogelstein et al., 1989) , to our knowledge a correlation between DNA ploidy status and allelic imbalance at this chromosomal locus in colorectal carcinoma has not been demonstrated prior to this study. In addition, there has been no previous evidence for clonal evolution from a diploid subpopulation of cells within multiploid colorectal carcinoma. Our study demonstrated small regions of ATM allelic imbalance in diploid populations of multiploid carcinomas. In contrast, aneuploid populations frequently contained larger regions of allelic imbalance within the ATM loci examined. Our data suggested that ATM gene alteration appears to be a critical step in the evolution from diploidy to aneuploidy in multiploid colorectal carcinomas. It is possible that the defective ATM gene leads to genetic instability, resulting in a change from a diploid to an aneuploid state. Therefore, ATM gene alteration may play an important role in the development of multiploidy in colorectal carcinoma. If conventional methods were used to evaluate allelic loss of ATM region loci, allelic imbalance at these loci in multiploid cell populations would have been missed. It is important to emphasize that the high rate of allelic imbalances at ATM loci in multiploid tissue was observed only through the use of the crypt isolation technique that precluded non-neoplastic tissue from the tumor tissue samples.
Recent data demonstrated that the p53-dependent G1 cell cycle checkpoint pathway was defective in AT, and that ATM interacts with p53 (Xie et al., 1998) . In addition, the ATM and p53 gene products are thought to be associated with the spindle checkpoint (Takagi et al., 1998) , and appear to be essential for cell cycle control. Accordingly, if ATM and p53 gene alterations occurred within a single tumor cell, DNA instability would be strongly induced. In the present study, we demonstrated a relationship between allelic imbalance at the ATM locus and p53 gene mutation. Whereas both ATM allelic imbalance and p53 gene mutation were frequently observed in multiploid carcinomas, no correlation between ATM allelic imbalance and p53 gene mutation was observed in aneuploidy. In addition, although ATM allelic imbalance in diploidy was infrequent, diploid subpopulations of multiploid carcinomas showed relatively high frequencies of allelic imbalance. These ®ndings suggested that multiploidy represents a speci®c DNA ploidy status distinct from diploidy and aneuploidy. We believe that at least some multiploidy is not merely a mixture of diploid and aneuploid states. Although how multiploidy is maintained during colorectal carcinoma progression remains unclear, these ®ndings may explain the abolition of G1-S or G2-M checkpoints in multiploid carcinomas. Thus, we propose that alterations in the genes for ATM and p53 play an important role in multiploid carcinogenesis. ATM may also act as a classic tumor suppressor gene in T-prolymphocytic leukemia , which is strongly associated with loss or mutation of the ATM locus. In the present study, the presence of ATM gene mutations was not studied. Therefore, the role of ATM gene alteration in multiploidy remains unclear, as inactivation of ATM may require alteration of the remaining allele. However, frequent LOH at 11q22-q23 loci has been reported for other cancers (Bethwaite et al., 1995; Carter et al., 1994; Davis et al., 1996; , and we believe that the present data represent a crucial step in the understanding of carcinogenesis for a subset of colorectal carcinomas.
In conclusion, we have demonstrated that DNA multiploidy may represent an independent and speci®c DNA ploidy status distinct from diploidy and aneuploidy (Sugai et al., 2000a,b) . Our results showed that ATM allelic imbalance was frequently observed in DNA multiploid carcinomas, which suggests that alteration of the ATM locus is an essential step in the progression from diploidy to aneuploidy in multiploid colorectal carcinomas.
Materials and methods

Patients and tissues
After screening 92 colorectal carcinomas obtained from the Iwate Medical University Hospital, 55 pairs of sporadic colorectal carcinoma and corresponding normal mucosa were selected. Samples were taken immediately after surgical operation and crypt isolation technique performed. Remaining tissues were routinely processed for histopathological examination. All samples were con®rmed histopathologically as adenocarcinoma of the colorectum. Tumor histological type and stage were classi®ed according to the Japanese Research Society for cancer of the colon and rectum and modi®ed Dukes stage, respectively (Japanese Society for Cancer of the Colon and Rectum, 1997; Turnbull et al., 1967) . Diploid, aneuploid and multiploid colorectal carcinomas were genetically compared using the crypt isolation technique (diploid, 15; aneuploid, 13; multiploid, 27) . Multiploid carcinomas were collected from the original 92 carcinomas in order to identify genetic characteristics of multiploidy.
Crypt isolation technique
Cancer tissues were taken primarily from the central area of tumor ulceration that contained the most aggressive cancer cells. The multiple sampling method was not used on our samples because the representative invasive lesion was involved (Sugai et al., 2000a,b) . Normal colonic mucosa most distal to the neoplasm was removed from the submucosa with scissors.
Cancer crypts were easily distinguishable from normal mucosal crypts and both were isolated as previously described (Sugai et al., 2000c,d; Nakamura et al., 1994) . Isolated crypts were immediately ®xed in 70% ethanol and stored at 48C to avoid autolysis that may have led to false DNA aneuploidy (Zbieranowski et al., 1993) . The histological nature of the crypts was identi®ed using paranembedded histological sections. No contamination, such as by interstitial cells, was observed in any of the 55 samples.
Flow cytometry and sorting
A portion of the samples was prepared for¯ow cytometric analysis on a¯ow cytometer (EPICS XL, Coulter Co. CA, USA) as previously described (Sugai et al., 2000a,b) . Samples were classi®ed as diploid, multiploid or aneuploid carcinomas according to these ®ndings. Diploid and aneuploid carcinomas were de®ned as single diploid or aneuploid tumor peaks, respectively, on examined tumor histograms. Multiploid carcinomas consisted of both diploid and aneuploid tumor populations as de®ned in our previous study (Sugai et al., 2000a,b) . Tumors with a coecient of variation (CV) greater than 5.0 were excluded from subsequent analysis. In multiploid type cancers, nuclei were sorted into separate diploid and aneuploid cell populations using a Coulter Elite cell sorter (Coulter, USA) as described previously (Sugai et al., 2000a,b) . Diploid and aneuploid carcinomas were observed as separate peaks in the histogram. Most samples that showed an aneuploid state were subjected to repeat analysis to exclude the possibility of false DNA aneuploidy (Zbieranowski et al., 1993) . In all cases, replicate tests yielded identical results.
Microsatellite DNA analysis
More than 300 tumor crypts were obtained from the 55 colorectal carcinoma samples. DNA from normal crypt and ow-sorted tumor samples were extracted by standard SDS proteinase K treatment as previously described (Sugai et al., 2000a,b) . Samples were resuspended in TE buer (10 mM Tris-HCl, 1 mM EDTA (pH 8.0)) to the equivalent of 1000 cells/ml. DNA samples from normal and tumor crypts were ampli®ed by polymerase chain reaction (PCR) using primers speci®c for chromosome 11q microsatellite markers. Primer sequences, chromosomal localization, and frequency of heterozygosity were obtained from the Genome Database or published literature (Connolly et al., 1999; Lange et al., 1995; Uhrhammer et al., 1999; Vanagaite et al., 1995) . Ten microsatellite markers (D11S1816; D11S1817; D11S1343; D11S1819; D11S2000; D11S2179; D11S1294; D11S1818; D11S1778; D11S1347) located in the 11q22-23 region known to contain the ATM gene were used. PCR analysis (GeneAmp PCR System 9600, Perkin-Ermer Cetus, Norwalk, CT, USA) was carried out according to previously described conditions to quantitatively detect allelic imbalances at each locus (Sugai et al., 2000d; Uhrhammer et al., 1999) . Additional experiments were performed to examine the relationship between allelic imbalance at the ATM and 11q24 (distal to 11q22-23) loci in colorectal carcinomas using three 11q24 microsatellite markers (D11S912, D11S1320 and D11S969) shown to be frequently aected by LOH (Connolly et al., 1999) . Primer sequences were designed according to sequences obtained from the Genome Database. For each microsatellite tested, one of the oligonucleotide primer pairs Allelic imbalance at the ATM locus in DNA multiploidy T Sugai et al was labeled with 6-FAM, TET, or HEX. The internal size standard GS 500 (Perkin-Elmer Cetus, Norwalk, CT, USA) was labeled with TAMRA, and the results visualized on a model 373A automated¯uorescent DNA sequencer (PerkinElmer Cetus). In order to assess LOH, allelic imbalance was evaluated. The ratio of allele peak areas (q value) was calculated for paired normal and tumor samples according to previously described methods (Sugai et al., 2000a,d) using GeneScan software. Values of less than 0.6, re¯ecting an allelic imbalance of 40 or more, were regarded as indicating allelic imbalance (i.e. LOH), with the provision that, in some cases, allelic imbalance might be due to allelic ampli®cation.
Samples were regarded as uninformative if they showed constitutional homozygosity or microsatellite instability. All samples showing allelic imbalance or microsatellite instability were subject to repeat analysis by at least two independent PCR ampli®cations. In all cases, replicate tests gave similar results.
Mutation analysis of the p53 gene
Single strand conformation polymorphism (SSCP) analysis was used to screen PCR products derived from exons 5 ± 8 of the p53 gene in patient tumor and normal mucosal DNA samples (Sugai et al., 2000c) . PCR conditions, PCR-SSCP and sequencing of p53 gene mutations were performed according to previously described methods (Sugai et al., 2000c) . Direct sequencing was performed using¯uorescently-labeled dideoxynucleotide triphosphates for automated DNA sequence analysis (Applied Biosystems 373A sequencer; Applied Biosystems, CA, USA) (Sugai et al., 2000c) .
Data were analysed by chi-squared test using StatView-IV software (Abacus Concepts, Berkeley, CA, USA). Dierences between the samples were determined to be statistically signi®cant at P50.05.
